An injected NO donor, S-nitroso-N-acetyl-DL-penicillamine, increased PLA 2 activity in a dose-dependent manner. However, eicosanoids did not influence NO concentrations in immune-challenged larvae. We infer that NO and eicosanoid signaling operate via cross-talk mechanisms in which the elevated NO concentrations activate PLA 2 and eicosanoid biosynthesis, which finally mediates various immune responses.
, and eicosanoids such as prostaglandins (PGs), leukotrienes (LTs), and epoxyeicosatrienoic acids (EETs) [6, 7] .
Nitric oxide (NO) is a small, membrane-permeable signal molecule that acts in the nervous and immune systems as a mediator in insects and vertebrates [8] . NO is synthesized from L-arginine by NO synthase (NOS) which, in mammals, occurs in 3 forms, eNOS, constitutively expressed in endothelial cells, nNOS constitutively expressed mostly in neurons, and inducible NOS (iNOS) which can generate very large amounts of NO [9] . NO is associated with neuronal processing and long-term memory of chemo-and visual signals in insects [10] . It also plays a crucial role in producing light in fireflies by inhibiting oxygen usage of mitochondria to supply enough oxygen to photocytes to oxidize luciferin [11] . In bloodsucking insects, NO is secreted from the salivary gland and transferred to the host to act as vasodilator or platelet-aggregation inhibitor [12] . In mosquitoes transmitting malarial protozoa, NOS expression is rapidly induced after blood feeding and it elevates NO concentrations [13] , which directly limits the development of the protozoan parasites [14, 15] . NO also induces both cellular and humoral immune responses via the Toll/IMD signal pathways in Drosophila [16, 17] . Regulation of NOS expression is directly associated with the immune response in Manduca sexta [18] . An ENF-family cytokine that triggers AMP gene expression elevates NO concentration in Bombyx mori by inducing NOS expression, suggesting a cross-talk mechanism between cytokine and NO signaling in insects [19] .
Eicosanoids are a group of oxygenated C20 polyunsaturated fatty acids. Eicosanoid biosynthesis begins with hydrolysis of arachidonic acid (AA) from cellular phospholipids by phospholipase A 2 (PLA 2 ). The AA is oxygenated into PGs by cyclooxygenase (or POX in insects), into LTs by lipoxygenase, or into EETs by epoxidase [20] . Eicosanoids mediate cellular and humoral immune responses in insects [7] . Both PGs and LTs mediate the activation of hemocyte-spreading behavior and nodule formation [21] . PGs mobilize the sessile hemocytes in hemopoietic organs and attached to the body wall into the hemolymph circulation [22] , and mediate the release of inactive prophenol oxidase from hemocytes (i.e., oenocytoids) into the plasma by activating oenocytoid cell lysis through a specific membrane receptor [23, 24] . Inhibition of eicosanoid biosynthesis by RNA interference of PLA 2 suppresses both the IMD and Toll signaling pathways in flies [25, 26] . In mosquitoes, EETs are synthesized in vitro from AA by tissue lysate, and have also been detected in larval and adult tissues [27, 28] . Inhibition of EET degradation by amending blood meals with the urea-based epoxyhydrolase inhibitor 12-(3-adamantan-1-yl-ureido) dodecanoic acid (AUDA) led to the increased hemolymph EET concentrations and the increased expression of genes encoding some, but not all, tested AMPs [29] . These treatments did not influence mosquito fecundity, fertility or longevity, indicating that they specifically inhibited soluble epoxy hydrolase. These findings indicate that all 3 major eicosanoid groups play crucial signaling roles in insect immunity.
Eicosanoid signaling is induced by cytokines, eicosanoids, and biogenic monoamines via a small protease, Rac1, which mediates cross-talk between these signaling pathways [30] . The cross-talk between cytokine and NO signals indicates that NO may influence eicosanoid signaling in insects. Inhibition of PLA 2 activity results in the significant immunosuppression of cellular and humoral immune responses [31] . Some entomopathogenic bacteria in the genera Xenorhabdus and Photorhabdus target PLA 2 to induce host immunosuppression [32] . These findings led us to pose a hypothesis that NO signaling is an upstream component of eicosanoid signaling in response to immune challenge. Here, we report on the outcomes of experiments designed to test our hypothesis.
Material and Methods
Insect Rearing and Bacterial Culture S. exigua larvae were reared on an artificial diet [33] under standard laboratory conditions of 25 ± 1 ° C, a 16L:8D photoperiod, and 60 ± 10% relative humidity. The adults were fed 10% sucrose. Identity of larval instars (L1-L5) was determined by head width [33] . An entomopathogenic bacterium, X. hominickii ANU101 was isolated from the nematode, Steinernema monticolum [34] , and its primary form was preserved on 25% glycerol stock at -80 ° C. The glycerol stock was cultured on Luria-Bertani (LB) broth for 48 h at 28 ° C with shaking at 180 rpm. A hemocytometer (Neubauer, Marienfeld, Germany) was used to quantify the bacterial cells under a phase contrast microscope (BX41, Olympus, Tokyo, Japan) at ×200 magnification, recorded in cells/ mL. Bacterial culture broth was mixed with ethyl acetate to extract bacterial metabolites according to the method of Sadekuzzaman et al. [31] .
Chemicals NOS inhibitor L-NAME (Nω-nitro-L-arginine methyl ester hydrochloride) and its inactive enantiomer D-NAME (Nω-nitro-D-arginine methyl ester hydrochloride), NO donor SNAP (S-nitroso-N-acetyl-DL-penicillamine), and 2 PLA 2 inhibitors of dexamethasone (DEX: [11β, 16α]-9-fluoro-11, 17, 21-trihydroxy-16-methylpregna-1, 4-diene-3) and oxindole (C 8 H 9 NO) were purchased from Sigma-Aldrich Korea (Seoul, Korea 72 strate, 1-hexadecanoyl-2-(1-pyrenedecanoyl)-sn-glycerol-3-phospha tidylcholine, was purchased from Molecular Probes (Eugene, OR, USA).
Determination of NO Concentration
The NO concentration was indirectly quantified by measuring its nitrate form using the nitrate/nitrite colorimetric assay kit (Cayman Chemical, Ann Arbor, MI, USA). Heat-killed (95 ° C for 20 min) X. hominickii (1 × 10 5 cells/larva) was injected with a microsyringe (Hamilton, Reno, NV, USA) through the abdominal proleg into L5 larval hemocoels. At times post-injection (PI) (see Results), the abdominal proleg was cut and the exuded hemolymph was collected into tubes containing a few granules of phenylthiourea to block melanization. The hemolymph was centrifuged at 3,000 g for 5 min to separate hemocytes and plasma. The fat body was collected into 100 mM phosphate-buffered saline (PBS, pH 7.4). Hemocytes and the fat body were homogenized in PBS by using a homogenizer (Ultra-Turrax T8, Ika Laboratory, Funkentstort, Germany). Hemolymph (20 larvae/sample) and fat body samples (9 larvae/sample) were collected per replication. Each treatment was replicated 3 times with independent biological sample collections. The homogenized tissues were centrifuged at 14,000 g for 20 min, and the supernatants were used to measure nitrate concentrations using the kit. The protein concentrations in hemocyte, plasma, or fat body samples were determined by Bradford assay [35] . To quantify the nitrate concentrations of the samples, a nitrate standard curve was prepared with the final concentrations of 0, 5, 10, 15, 20, 25, 30, and 35 μM in a 200-μL reaction volume. The absorbance at 540 nm was recorded on a microplate reader (SpectraMax ® M2, Molecular Devices, Sunnyvale, CA, USA).
Quantitative PCR Analysis of S. exigua NOS Total RNA was isolated from the indicated developmental stages and larval tissues using Trizol reagent (Life Technologies, Carlsbad, CA, USA). For developmental stages, 300 eggs, 100 larvae at L1-L2, 20 larvae at L3-L4, 1 larva of L5, 1 pupa, and 1 adult were used for each RNA extraction. For the larval tissues, the hemocytes, fat body, midgut, and epidermis were isolated from L5 larvae. cDNA was synthesized with Maxime RT PreMix (Intron Biotechnology, Seoul, Korea) according to the manufacturer's instruction. In each cDNA reaction, 1 μg of RNA was used. PCR was conducted with S. exigua NOS (SeNOS)-specific primers (5′′-GC-GAAGGACCTGTACACTATG-3′′ and 5′′-CAAGGCCAAAC-GAGCTTTATG-3′′) at 94 ° C for 1 min for denaturation, followed by 35 cycles at 94 ° C for 1 min, 52 ° C for 1 min, and 72 ° C for 1 min, with a final extension at 72 ° C for 10 min.
For quantitative (q)PCR, 20 μL of reaction mixture was run with gene-specific primers (5′′-GAGGGCGATCATAG-GAAATACG-3′′ and 5′′-ATTCCGTAAGCTGGCGATAAA-3′′) and SYBR ® Green real-time PCR master mix (Toyobo, Osaka, Japan) according to Bustin et al. [36] . qPCR was run with 40 cycles at 95 ° C for 25 s, 52 ° C for 45 s, and 72 ° C for 35 s, using a thermocycler (CFX Connect TM real-time PCR detection system, Bio-Rad, Hercules, CA, USA). A reference gene, RL32, was used as a constitutively expressed gene [37] for quantification of SeNOS mRNA accumulation with gene-specific primers (5′′-ATGCCCAA-CATTGGTTACGG-3′′ and 5′′-TTCGTTCTCCTGGCTGCG-GA-3′′). After the PCR reactions, a melting curve analysis from 60 to 95 ° C was applied to all of the reactions to ensure the consistency and specificity of the amplified product. The quantification analysis of SeNOS expression followed the comparative C T (ΔΔC T ) method of Livak and Schmittgen [38] .
RNA Interference Silencing of SeNOS
Double-stranded RNA was synthesized by using MEGAscript RNAi kit (Ambion, Austin, TX, USA) according to the manufacturer's instruction. To generate the template, gene-specific primers were prepared by adding T7 primer (underlined) at the 5′′ end of the forward (TAATACGACTCACTATAGGGAGAGC-GAAGGACCTGTACACTATG) and reverse (TAATACGACT-CACTATAGGGAGACAAGGCCAAACGAGCTTTATG) primers, respectively. PCR conditions were 95 ° C for 5 min for denaturation, followed by 35 cycles at 94 ° C for 1 min, 56 ° C for 1 min, and 72 ° C for 1 min. The PCR product (355 bp) was diluted 2× with deionized distilled water, and 1 μL was used for a template and mixed with nucleotide substrate and T7 RNA polymerase in a final volume of 20 μL. After the RNA synthesis was performed at 37 ° C for 4 h, the double-stranded (ds)RNA mixture was digested with DNase I (4 units/reaction) to degrade the DNA template. The resulting mixture was mixed with binding buffer (5.5 M guanidine hydrochloride, 20 mM Tris-HCl, pH 6.6) and dsRNA was cleaned through a silica column in the kit with washing buffer (20 mM NaCl, 80% ethanol, 2 mM Tris-HCl, pH 7.5). The dsRNA was eluted with 100 μL of elution buffer (10 mM Tris-HCl, 1 mM EDTA pH 8.0), and quantified using a spectrophotometer (GeneQuant pro, Amersham Biosciences, Science Park, Singapore).
To evaluate RNA interference (RNAi) efficiency against SeNOS, 1 μL (0.6 μg) of dsRNA was injected into each L5 larva, and the fat body was collected at 0, 24, 48, and 72 h PI. After cDNA preparation as described above, SeNOS mRNA levels were quantified by qPCR. Each treatment was analyzed in 3 biologically independent replicates. For control, dsRNA specific to a viral gene, CpBV-ORF302 [39] , was prepared as just described.
Nodulation Assay
Hemocyte nodule formation was assessed in L5 larvae using heat-killed X. hominickii as described [31] . Each L5 larva was injected with 1 × 10 5 bacterial cells at 48 h PI. After 8 h of incubation at 25 ° C, the larvae were dissected in PBS under a stereomicroscope (Stemi SV11, Zeiss, Jena, Germany). Brown or black nodules were counted on the fat body, gut, and trachea at ×100 magnification. Each treatment used 10 larvae and data are presented as numbers of nodules/larva. 2 Activity and NO Concentration L5 larvae were challenged with bacteria as just described. For the NOS inhibitor assay, each larva was coinjected with 50 μg of L-NAME or D-NAME (negative control) along with the bacteria. The NO donor, SNAP, was injected into L5 larvae at concentrations indicated in the Results section. Each treatment was replicated 3 times, with biologically independent groups of 20 larvae for hemocyte collection and 9 larvae for fat-body collection. At 8 h PI, the hemocytes and fat body were collected as described, and homogenized in PBS using a homogenizer (Ultra-Turrax T8). Following centrifugation at 10,000 g for 10 min, the supernatant was used as the enzyme preparation. PLA 2 activity measurement followed the method of Radvanyi et al. [40] . Briefly, a total reaction volume (150 μL) consisted of . A spectrofluorometer (SpectraMax M2) was used to measure the fluorescence intensity at E x345 and E m398 . The enzyme activity was calculated by changes in fluorescence per minute. The specific enzyme activity was calculated by dividing the fluorescence change by the protein amount in the reaction (data presented as ΔFLU/min/mg). Protein concentration in each enzyme source was determined by Bradford assay using BSA as a standard. Each treatment was replicated with 3 biologically independent enzyme preparations using different larval samples. NO levels were monitored by estimating nitrate concentrations in the samples.
Influence of NOS Inhibitor or NO Donor on PLA

Bioinformatics Analysis
Similarities of SeNOS with other NOSs were analyzed using the online Basic Local Alignment Search Tool program (BLASTX) (http://blast.ncbi.nlm.nih.gov/blast/Blast.cgi?PROGRAM = blastx&PAGE_TYPE = BlastSearch&LINK_LOC = blasthome). Prediction of protein domain structure was performed using the NCBI Conserved Domains program (http://www.ncbi.nlm.nih. gov/Structure/cdd/wrpsb.cgi) and the SMART program (http:// smart.embl-heidelberg.de/). MEGA v6.0 was used to construct the phylogenetic tree using the neighbor-joining method.
Statistical Analysis
All assays were analyzed in one-way ANOVA by PROC GLM for continuous variables using an SAS program [41] . Mortality data were subjected to arcsin transformation and used for ANO-VA. The means were compared by the least-squared difference (LSD) test at type I error = 0.05.
Results
Bacterial Challenge Upregulates NO Concentration
We recorded significant increases in NO (determined as nitrate) concentrations in the fat body and hemocytes and, to a lesser degree, in the plasma, following bacterial challenge, beginning at about 2 h PI (Fig. 1a) . These tissues had constitutive NO concentrations of about 0.1 μmol/mg protein, which increased by 5-to 8-fold within 8 h PI in the fat body and hemocytes, and, to a lesser degree, in the plasma. The NO-enhancing effect of the bacterial challenge was reversed by L-NAME-bacterial (but not by D-NAME [inactive enantiomer]-bacterial) coinjections (Fig. 1b) .
Identification of SeNOS
We identified a NOS-like open reading frame (ORF) encoding a 1,195 amino acid protein. Its molecular weight is predicted to be about 136.1 kDa and pI value about 6.6. Domain analysis indicated that SeNOS contained oxygenase and reductase domains containing the cofactorbinding sites, flavin mononucleotide (FMN), flavin adenine dinucleotide (FAD), and NADPH (Fig. 2a) . Phylogenetic analysis with the predicted amino acid sequence indicated that SeNOS was clustered with other lepidopteran NOSs and that all insect NOSs are distinct from their vertebrate counterparts (Fig. 2b) . SeNOS was expressed in all developmental stages from egg to adult (Fig. 3a) . Late larval instars had higher levels compared to other stages. In L5 larvae, mRNAs encoding SeNOS are present in all tested tissues with the highest accumulation in the fat body (Fig. 3b) . SeNOS expression was inducible following bacterial challenge (Fig. 3c) . The induction was rapid, appearing within 2 h PI. (Fig. 4) . Similar injections significantly suppressed NO concentrations (down by approx. 35% by 6 h PI and approx. 65% by 24 h PI; Fig. 5a ). The reduced NO concentrations resulted in a significant reduction in hemocyte nodule formation in response to bacterial challenge (down by approx. 75% at 8 h PI; Fig. 5b ).
SeNOS Influences NO Concentration and Cellular
Immunity Double-stranded SeNOS injection led to significant, time-related reductions in mRNA encoding SeNOS, with an approximately 4-fold reduction by 72 h PI
Bacterial Challenge Led to NO-Mediated Upregulation of PLA 2 Activity
Bacterial challenge led to dose-dependent increases (approx. 6-fold) in PLA 2 activities in the hemocytes and fat body (Fig. 6a) , which was prevented in larvae coinjected with the NOS-specific inhibitor, L-NAME, and bacteria. The negative control experiment with coinjection with bacteria and the inactive enantiomer, D-NAME, did not prevent PLA 2 activity induction. Treating L5 larvae with SNAP (an NO-releaser) injections led to dosedependent increases in fat-body PLA 2 activity (Fig. 6b) and nitrate concentrations by 8 h PI (Fig. 6b, inset) .
A Change in PLA 2 Activity Did Not Modulate NO Concentration
From the data in Figure 6 , we inferred that NO activates eicosanoid signaling by activating PLA 2 . Another possibility is that eicosanoid signaling modulates NO concentrations. We tested this idea by coinjecting L5 larvae with bacterial and 1 of 2 pharmaceutical PLA 2 inhibitors, DEX or oxindole. Neither treatment prevented the bacteria-driven elevation of NO concentrations. Another test is based on the report that live X. hominickii inhibits S. exigua PLA 2 activity by synthesizing and releasing heat-sensitive PLA 2 inhibitor(s) [31] . The heat-killed bacteria lose PLA 2 inhibitory activity. Figure 7b shows that injecting heat-killed, and, separately, live X. hominickii led to significantly increased NO concentrations in L5 larvae.
Discussion
The data reported here potently support our hypothesis that NO signaling is an upstream component of eicosanoid signaling in response to immune challenge. The argument is composed of several germane points. First, bacterial injections led to increases in NO concentrations in the fat body, hemocytes, and plasma, indicating that NO is produced in response to bacterial challenge. The increases were inhibited in larvae coinjected with bacteria and the NOS inhibitor, L-NAME, showing that bacteriastimulated increases in NO concentrations follow from SeNOS activity. Second, mRNA encoding SeNOS is present in all S. exigua life stages and in 4 tested tissues: the hemocytes, the fat body, the gut, and the epidermis. Third, bacterial challenge led to time-dependent increases in the accumulation of fat body mRNA encoding SeNOS, from which we infer that NO production follows the induction of a specific gene, SeNOS. Fourth, injections of dsSeNOS led to time-dependent reductions in fat body mRNA encoding SeNOS, to reductions in bacteria-stimulated fatbody NO concentrations, and to steep reductions in a well-established immune function parameter, hemocyte nodulation. Fifth, bacterial challenge led to substantial increases in PLA 2 activity, which were sharply reduced by about 2-fold in larvae coinjected with the NOS inhibitor, Bacterial challenge and increased internal NO concentrations activate PLA 2 . a PLA 2 activity is increased in bacteria-infected (heat-killed X. hominickii (HK-Xh; 1 × 10 5 bacterial cells per larva) larvae relative to naïve controls. The increased activity is blocked by cotreatments with the bacteria plus the NOS-specific inhibitor, L-NAME. Similar coinjections with the inactive D-NAME did not influence PLA 2 activity. At 8 h post-injection (PI), the fat body was collected to measure PLA 2 activity. Each treatment included 3 biologically independent replicates, 9 larvae/replicate. The histogram bars show mean PLA 2 activity and the error bars show 1 SD. b Influence of NO increase on PLA 2 activity. Each L5 larva was injected with the indicated concentrations of an NO donor, SNAP. At 8 h PI, fat body was collected to measure nitrate concentration (inset) and PLA 2 activity. Each treatment included 3 biologically independent replicates. Each point represents mean PLA 2 activity. Different letters above the SD bars indicate significant difference among means at type I error = 0.05 (LSD test). NAÏVE, PBS-injected controls. 78 L-NAME, indicating to us that increased PLA 2 activity occurs downstream of increased SeNOS activity. This point is reinforced by the demonstration that injecting the NO donor, SNAP, led to increased fat body NO concentrations and increased PLA 2 activity. Finally, if PLA 2 activity was increased upstream of SeNOS activity, we would expect to see the inhibition of PLA 2 activity leading to reductions in tissue NO concentrations, which we directly ruled out. Taken together, these points amount to a persuasive demonstration that NO mediates hemocytic immune reactions via increasing PLA 2 activity and eicosanoid biosynthesis.
Relative to identifying an S. exigua gene encoding SeNOS, screening S. exigua transcriptomes predicted a SeNOS construct, which contained a full ORF. The SeNOS amino acid sequence has oxygenase and reductase domains, which requires several cofactors, including NADPH, FMN, and FAD [42] . Our in silico analysis shows that SeNOS has binding sites for these cofactors. Our phylogenetic analysis shows that SeNOS clusters with other lepidopteran NOSs. A single NOS is encoded in each known insect genome. Drosophila encodes single NOS that shares 47% sequence similarity to the mammalian nNOS [43] . Also, a single Anopheles stephensi NOS is highly inducible in response to feeding on malaria parasite-containing blood [15] . We infer that Se-NOS is the sole NOS gene in this -and possibly all -insect genomes.
SeNOS was expressed in all developmental stages and larval tissues. Bacterial challenge significantly increased SeNOS expression, indicating that SeNOS is an iNOS, as seen in other lepidopterans, including M. sexta [18] and B. mori [19] .
NO mediates various physiological processes in insects [8] . NO, per se, is cytotoxic at high concentrations and exhibits antimicrobial/antiparasitic activities in mammalian immunity [44] . A rapid increase (of 100-to 1,000-fold) in NO concentrations follows the expression of iNOS, which the constitutive eNOSs and nNOSs cannot do [45] . At low concentrations, NO mediates cellular and humoral immune responses [46] . Our indirect measurement indicated an almost 8-fold increase in fat body NO after bacterial injection. We infer from this relatively slight increase that NO acts in mediating immune signals to the hemocytes and fat body. Indeed, we show that the increased NO concentration led to hemocyte nodule formation in response to bacterial challenge, which was blocked by L-NAME treatments. Our interpretation is that NO mediates the cellular immune responses of S. exigua and possibly all insect species. For example, D.
melanogaster, a strain resistant to the endoparasitoid wasp, Leptoplina boulardi, produces a significant increase in NO concentrations from differentiated lamellocytes [47] , and the elevated NO level mediates hemocyte encapsulation of the parasitoid eggs [16] . NO also acts in humoral immunity by inducing genes encoding AMPs in insects. For example, NO directly induces the expression of genes encoding AMPs in D. melanogaster [17] . The expression of 5 genes encoding AMPs was influenced by L-NAME, from which it was inferred that NO mediates humoral immunity in B. mori [19] . Because eicosanoids mediate humoral immune reactions [21, 48] , we propose that NO mediates humoral as well as hemocytic immune responses in S. exigua.
dsSeNOS treatments suppressed the bacteria-stimulated upregulation of NO concentrations, which led to immunosuppression. This is consistent with the idea that NO generally acts in signaling insect immune functions, as seen in mosquitoes [15] , an endoparasitoid wasp [16] , and bacteria [17] . Foley and O'Farrell [17] and Carton et al. [49] found that the injection of L-NAME into the Drosophila hemocoel prior to infection by gram-negative bacteria decreased the survival of the flies, thereby suggesting that NO is a component of insect immune response signaling. However, NO is a Janus-faced molecule. Excessive NO production may reduce cell and host survival [50] . For example, 1-octen-3-ol, a volatile organic compound secreted from most fungi, is harmful due to generating NO and its subsequent reaction with reactive oxygen species (ROS) to generate toxic peroxynitrile (ONOO -). This leads to a shortened Drosophila life span [51] . In Galleria mellonella, hemocytes produce NO to mediate immune responses, but exhibit differential production of NO between 2 developmental stages, in which sessile hemocytes at the prepupal pharate stage produce more NO than circulating hemocytes at the larval stage [52] . Overproduction of NO at the prepupal stage was cytotoxic in response to bacterial challenge. Thus, the expression of all NOSs, including SeNOS, should be tightly regulated. The slight increase in NO concentration following bacterial challenge may favor S. exigua by minimizing the detrimental hazard of NO-driven toxic ROS. More to the point, the inducible expression of NOS is site-specific to the foci of pathogen infection in M. sexta. Eleftherianos et al. [18] demonstrated this by infecting hornworms with a bacterial pathogen, Photorhabdus luminescens, at different sites. M. sexta expressed NOS only in gut tissue following oral infection and only in the fat body and hemocytes following infection by hemocelic injection. We infer that the situation in insects is similar to the vertebrate CNS [50] ; on the one hand, Janus-face NO is neuroprotective at physiological concentrations and, on the other, it is cytotoxic at higher concentrations.
Eicosanoids mediate cellular and humoral immune responses in insects [7] . Eicosanoid immune signals act as a common downstream signal for the cytokine plasmatocyte-spreading peptide (PSP) and 2 biogenic monoamines in S. exigua [4, 53] . We proposed cross-talk mechanisms to account for the coordinated cellular immune responses recorded in S. exigua [53] . Here, we propose an additional element in the intracellular signaling in S. exigua, in which increasing NO concentrations, following bacterial challenge or SNAP treatment, led to enhanced PLA 2 activity. The upregulated PLA 2 activity would, in turn, drive upregulated eicosanoid biosynthesis. The situation appears to be complex, however, because the inhibition of PLA 2 activity with specific inhibitors did not reduce the upregulation of the NO concentration in response to bacterial challenge. Our suggestion is that eicosanoids act as a downstream component of the NO signal pathway. In B. mori, another cytokine, paralytic peptide, acts upstream relative to NO immune signaling [19] . Eicosanoids also mediate nodulation reactions to bacterial infection in B. mori [54] , and we propose crosstalk mechanisms between paralytic peptide and eicosanoid signaling in B. mori. Because paralytic peptide acts upstream to NO signaling in B. mori, we propose the presence of influential interactions between NO and eicosanoid signals.
The concept of cross-talk between NO and eicosanoid signaling was initially reported for a mouse macrophage cell line, RAW264.7 [55] . The cells were treated with lipopolysaccharide which induced iNOS and the inducible form of cyclooxygenase (COX-2), and thereby significantly elevated NO and PG levels. We note that gene sequences encoding an insect COX have not been found in the published insect genomes. The COX functions of mammals are carried out by various forms of peroxidase (POX) in insects [37] . The biosynthesis of both NO and PGE 2 was blocked by treating cells with 1 of 2 NOS inhibitors, N G -monomethyl-L-arginine or aminoguanidine. The authors also stimulated human fetal fibroblasts with interleukin 1β, and then treated the cells with exogenous NO, either as a gaseous solution or with an NO donor, sodium nitroprusside. This treatment significantly induced COX-2 activity [56, 57] . They concluded that NO interacts directly with COX-2 to simulate the production of proinflammatory PGs; this point has not yet been settled [58] , however, because later work showed that NO stimulates COX-2 expression via various transcriptional activators in cancer cells [59, 60] . Our view, based on the work with mammalian cell lines, is that the cross-talk between NO and eicosanoids occurs in multiple cell-specific patterns in mammals. The work on B. mori and S. exigua discussed here indicates that multiple patterns occur in insects and, likely, in most eukaryotic cells in general.
